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Abstract

The present paper deals with the take-off performance analysis of PrandtlPlane aircraft. The PrandtlPlane is a Box-Wing
configuration based on Prandtl’s “Best Wing System” concept, which minimizes the induced drag once wingspan and lift
are given. The take-off dynamics is simulated implementing the non-linear equations of motion in a numerical tool, which
adopts a Vortex Lattice Method solver to evaluate the aerodynamics characteristics taking also ground effects into account.
The take-off analysis is performed for both a PrandtlPlane and a reference monoplane, with the aim of comparing the per-
formance of the two different architectures. The preliminary results show the potential advantages of the PrandtlPlane, such
as runway length reduction and improved passenger comfort.
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1 Introduction

The aviation demand growth is around 4.5% per year [1, 2],
and it is foreseen to double in a couple of decades [3]. If on
one hand these trends indicated a big market opportunity
for aviation business, on the other hand they raise a warning
in term of negative impact on the environment and service
congestion [4, 5]. The requirements given by ACARE [6]
of cutting the CO, and NOy pollutions and reducing sig-
nificantly the external noise around the airport areas will be
hardly satisfied without applying deep changes in state-of-
the-art aircraft technology. Among the envisaged innovation
strategies, the adoption of non-conventional aircraft configu-
rations provided with higher aerodynamic efficiency is con-
sidered as a possible solution to seize the market opportunity
while meeting the environmental requirements.

Different innovative aerodynamic configurations [7] have
been proposed for the civil aviation of the future, such as the
Blended Wing Body [8], the Strut Braced Wings [9] and the
Box-Wing [10]. According to 1920s studies due to Ludwig
Prandtl’s [11], the Box-Wing configuration minimizes the
induced drag among all the possible lifting systems with
the same total lift and the same span. Prandtl’s studies have
inspired several research, focused on both the theoretical
aspects [12-16] and the application of such concept to dif-
ferent aircraft categories, ranging from ultralight aircraft to
transport aircraft with payload capabilities beyond present
wide-bodies [17-19].

Among these, studies started in the 1990s at the Univer-
sity of Pisa on the so-called “PrandtIPlane” configuration
(PrP hereafter), have led to the research project PARSIFAL
(Prandtlplane ARchitecture for the Sustainable Improvement
of Future AirpLanes), funded under the Horizon 2020 Pro-
gram of European Union in 2017. An artistic representation
of the PrP object of study in the project is given in Fig. 1.

The PARSIFAL project aims to assess the impact of
adopting the Box-Wing configuration from the environ-
mental, economic and logistic standpoints. In particular,
the project’s goal is to demonstrate that the application of
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Fig. 1 Artistic representation of the PrandtlPlane object of study in
the project PARSIFAL

the PrandtlPlane configuration to aircraft with the same
overall dimensions of conventional short-to-medium
range aircraft, in particular those with the wingspan
between 24 and 36 metres (hence compliant to ICAO
Aerodrome Reference Code “C”), can increase the pas-
senger number from about 200 of today conventional air-
craft (e.g.: Airbus A320 or Boeing 737) up to more than
300 passengers [20], hence with a significant reduction
of environmental impact and direct costs per passenger.

In this context, the study and the analysis of take-off
performance of a new aircraft architecture are of primary
relevance. In addition, it is well known from the literature
[21, 22] that during the take-off phase the aircraft is sub-
ject to the ground effect, which improves the aerodynamic
performance. For the PrP, the ground effect can influence
the aerodynamic characteristics in take-off more than a
conventional aircraft, since the front wing is very close to
the runway. Therefore, the goals of the work are:

e to investigate the Box-Wing in ground effect behaviour
during take-off manoeuvre;

e to study the influence of design parameters on take-off
performance, such as balanced field length and decision
speed;

e to perform a comparison between the PrP and conven-
tional reference aircraft.

The paper is organized as follows: in the first part the
two aircraft object of study, the PrP and the conventional
reference aircraft, are introduced, and a common proce-
dure to define the control surfaces is presented; the sec-
ond part describes the implementation of the non-linear
equations of motion in a numerical tool, which adopts a
Vortex Lattice Method solver to evaluate the aerodynamics
in ground effect. In the third part, the results of the simula-
tions are presented, focusing on the comparison between
the take-off performance of the two aircraft.
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1.1 Description of Aircraft Configurations

To compare the effects of adopting the PrP as an alterna-
tive solution to present conventional aircraft, the definition
of a common reference model representing state-of-the-art
aircraft technology is required. To be compliant with the
ICAO Aerodrome Reference Code “C” standard, the refer-
ence aircraft chosen in the PARSIFAL project is the CeRAS
CSR-01 [23-25], a public reference model for short-medium
range aircraft (Fig. 2).

The PrP configuration here investigated is the result of the
first design loop performed in PARSIFAL project, described
in details in [26-29] (Fig. 3).

To evaluate and to compare the take-off performance of
these two configurations, it has been necessary to define
a common sizing procedure for high-lift devices and con-
trol surfaces. Indeed, the low-speed performance is strictly
related to the design of these components. A preliminary siz-
ing procedure for both elevators and flaps has been defined;
the procedure is based on the trim fulfilment in the approach
condition. The trim problem is thus defined as follows:

ey

CL = Crpa + C g0, + Cpsebs

For the PrP, there are many possible layouts for position-
ing the movables; the one selected for the current analyses is
represented in Fig. 4 (right): the elevators are placed in the
root regions of both wings; the ailerons are installed in the
tip regions, and the flaps are placed between the elevators

=
|
) |
Parameter Symbol Value Unit
Maximum take-off weight W 7,7 10° kg
Moment of inertia I, 8,21-10% | kg m*
Wing surface Sre 122.4 m?
Span b 34.07 m
Mean aerodynamic chord & 4,18 m
Maximum thrust-to-weight ratio Trnaz/W 0,3 -

Fig.2 Three views and main characteristics of the CeRAS CSR-01
configuration

/)

Parameter Symbol | Value Unit
Maximum take-off weight W 1,218-10° | kg |
Moment of inertia I, 1,208 - 107 | kg m?
Wing surface Srer 266, T m?
Span b 36 m
Mean aerodynamic chord I 4,32 m
Maximum thrust-to-weight ratio Tonar /W 0.3 -

Fig.3 Three views and main characteristics of the PrP configuration

and the ailerons. Front and rear elevators are actuated with
opposite deflections to introduce a pitching moment with
minimum variations of total lift. For the reference aircraft,
the layout is the conventional one, with the elevators placed
on the horizontal tailplane and the flap on the main wing, as
sketched in Fig. 4 (left).

The trim problem is solved using the AVL code [30];
the flap deflection is set as an input, and the aerodynamic
solver finds a and &, to fulfil vertical and pitch equilibrium
in approach condition, at Maximum Landing Weight. All
the movables are modelled in AVL as plain flaps, including
the high-lift devices. The low-speed performance of the con-
figurations designed with these procedures are estimated by
means of consolidated literature methods, as [31]. The whole
procedure is schematized in Fig. 5 and described in [26, 32].

2 Take-Off Simulation Model

It is possible to divide the take-off manoeuvre into three differ-
ent segments: ground-roll, rotation, and lift-off, as sketched in
Fig. 6. In the ground roll segment, the aircraft starts to acceler-
ate and reaches the rotation speed Vy; the only degree of free-
dom is the longitudinal motion of the aircraft on the runway.
The rotation segment starts when the V}, speed is reached and
consists in the rotation of the aircraft around the main landing
gear; this stage ends when the aircraft pulls the wheels off
the ground. Then, in the lift-off phase, the aircraft follows a
near-circular path followed by the subsequent climb segment.
According to Federal Aviation Regulations (FAR), at the end
of the runway the aircraft must reach a minimum height of
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Fig.4 Movables layout for the
two configurations
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2.1 Equations of Motion

Following the forces schemes for the three take-off phases
reported in Fig. 7, the equations of motion can be written as
follows:

Y& _T-D-R;
g dr
Ground Roll: Ry+L=W 2)

Ry = pRy
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The differential equations of motion are non-linear, and
the degrees of freedom are coupled so that a closed-form
solution is not possible; thus, it has been necessary to pro-
vide numerical solutions. The integration is conducted with
the Euler Method with a time step of 1072 s; due to the
implementations of the aerodynamic evaluations in each step
of the integration, the method has a high computational cost.
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Fig.7 Forces schemes for the three take-off segments: ground roll
(top), rotation (centre), lift off (bottom)

2.2 Mathematical Model for the Aircraft Geometry
Evaluation with Respect to Attitude Variation

During the ground roll phase, the aircraft attitude does not
change, whereas in the rotation and lift-off phases attitude
and height change. The main difference between the two
last phases is the position of the instant centre of rotation:
during the rotation phase, it is the contact point between
the tires of the main landing gear and the ground; in the
lift-off phase, it is the centre of gravity. The aircraft-ground
relative position has to be evaluated accurately to estimate
the aerodynamic coefficients in ground effect, so a proper
mathematical model has been developed.

2.2.1 Rotation

Exceeding the Vj speed, the aircraft deflects the elevator
and pitches-up around the ground-tire contact point. The
rotation is around an axis parallel to the pitch axis, so there
is a symmetry respect to its longitudinal plane, and an easy
formulation can be obtained without losing generality. The
reference system (7) has the origin in the nose of the aircraft
and, after the rotation, all coordinates of the main surfaces
change. Indicating with [Xg, Yy, Zg] the final coordinates in
the reference system and with [X}, ¥}, Z;] the initial coordi-
nates in 7, we obtain:

Xg cosf 0O sind || X;—Xx XR
Y | = 0 1 0 Yy +{ 0 | 35)
Zg —sin@ 0 cos@ || Z; — Zy Zy

The coordinates Xi and Yy indicate the position of the
instant centre of rotation; € indicates elevation angle of the
aircraft.

2.2.2 Lift Off

When the aircraft lifts off from the ground, the centre of
gravity becomes the new instant centre of rotation. The
equations are similar to the previous ones, but we have to
take the relative distance ground-centre of gravity (A,) into
account:

Xk cosf O sinf || X; — Xy Xr
Ye | = 0 1 0 Y, + 0 . (6)
Zg —sin@ 0 cos@ || Z; — Zz Zp + Ay

All these coordinates allow to define the new geometry to
evaluate the aerodynamic coefficient in ground effect with
AVL solver.

2.2.3 Evaluation of Aerodynamic Coefficients

The aerodynamic characteristics of an aircraft during take-
off are strongly influenced by the ground effect, whose main
consequences are a significant reduction of the induced drag,
due to the modifications of tip vortices and downwash, and
an increase of the lift-generating capabilities [21, 22]. The
ground effect depends on the aerodynamic characteristics of
the aircraft and, in particular, on the clearance of the wings
from the ground. For this reason, to realistically simulate the
aerodynamics of the aircraft during the take-off phase, it has
been decided to evaluate the aerodynamic characteristics in
each time step considered; in fact, the position of the aircraft
with respect to the ground varies during the evolution of
the manoeuvre, depending on the variables z(¢) and 6(¢), as
described in Sect. 2.2.

Given a large number of aerodynamic evaluations to be
done for each simulation, the computation of the aerody-
namic characteristics has been carried out using low-fidel-
ity codes, with the aim of limiting the computational time.
In particular, the AVL code, based on the Vortex Lattice
Method, has been used; with the AVL code, the evaluation
of ground effect has been studied by imposing the symmetry
boundary condition on the runway plane. A validation proce-
dure to assess the accuracy of AVL when simulating ground
effect has been presented in [33], considering as benchmark
the results presented in [34, 35]. The AVL models for the
PrP and CeRAS CSR-01 configuration are shown in Fig. 8.
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The main differences between the two configurations that this, because the engines are not placed under the wing, but
affect the aerodynamics in ground effect consist in the shape ~ are positioned in the rear part of the fuselage (see Fig. 1);
of the lifting systems, and the engine position, that influ-  in the case of a conventional monoplane aircraft, the main
ences the ground clearance of the aircraft. In the case of the ~ wing has a larger distance from the runway, due to the wing-
PrP configuration, the front wing is very close to the runway; ~ mounted engine (see Fig. 2). In the following Figs. 9, 10,

Fig.8 PrP (left) and CeRAS CSR-01 (right) AVL models

1.3 - T T T T - - T T 1.6 T T T
Z=0m
125 — T
“Z=2m f 14+
1_1— _2:3“1 B
Z=4m
z=am |- 125
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——— ] y Z
g B ,/
(S) 1 © =
08+
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4 0_2 A L L I A
8 9 10 1] 1 2 3 4 5 6 T 8 8 10
o [deq] o [deg]

Fig.9 C; curves for PrP (left) and CeRAS CSR-01 (right) at clean configuration (5, = ;=0)

o [deg] o [deg]

Fig. 10 C;, curves for PrP (left) and CeRAS CSR-01 (right) at clean configuration (5, = 6;=0)
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a [deg]

Fig. 11 Cp;—a curves for PrP (left) and CeRAS CSR-01 (right) at clean configuration (5, =6;=0)

Z=0m
Z=1m
Z=2m
—Z=3m
Z=4m

-0.25

051

~Z=9m
Z=14m

o [deg)

a [deg]

Fig.12 C, ,—a curves for PrP (left) and CeRAS CSR-01 (right) at clean configuration (6, =;=0)

11, 12, the main aerodynamic coefficients, evaluated with
AVL considering the ground effect, are reported for the PrP
and CeRAS CSR-01 configurations with respect to @ and z
variations. The graphs in Fig. 9 show the increase in the lift
coefficient as the aircraft approaches the ground.

This is mainly due to the presence of ventral overpres-
sures on the lifting surfaces that causes an increase in the
lift generated (effect known as ‘air cushion’). This effect
becomes more relevant if the distance between the lifting
surface and the ground is reduced. For this reason, the PrP
configuration has a better advantage from the point of view
of lift in ground effect, due to the fact that the front wing,
which usually undergoes a higher wing loading than rear
wing [32], is much closer to the ground than the main wing
of the monoplane competitor. Moving from an altitude of
20 m to the ground roll condition, and with a zero atti-
tude angle, there is a gain in lift coefficient of 28% for the
PrandtlPlane, while for the conventional monoplane, under

the same conditions, there is an increase of 13%. The bet-
ter performance in ground effect for the Box-Wing is also
evident in terms of C; ,, as shown in Fig. 10. Compared
to the free air flight condition, the PrP configuration has a
gain in C| , equal to 33% during the ground roll, while for
the CERAS CSR-01 it is 14%.

The value of Cj, is not constant with a for configura-
tions that are affected by the ground effect; the graph in
Fig. 10 shows that the lifting performance decrease with
the increase of aircraft angle of attack: it is due to the
distance increase between the wing, and in particular the
front wing for Box-Wing, and the runway.

The second significant effect of the proximity of the
aircraft to the runway is the reduction of induced drag, as
can be seen from the Cp; graphs, shown in Fig. 11. Also
for this aspect, the ground effect performance of the PrP
is better than the CeRAS CSR-01; moving from free air to
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ground roll, the C|/Cy, ratio increases by 87% for the PrP
and 38% for the CeRAS CSR-01.

For the PrP configuration, as the angle of attack increases,
such as during the rotation phase in the case of a take-off
manoeuvre, the front wing moves away from the ground while
the rear wing approaches the ground, causing a pitch stiffen-
ing, as can be read from the C,,—a graph in Fig. 12; with the
increase of the distance of the aircraft from the runway this
effect tends to disappear. For the monoplane, the greater prox-
imity to the ground causes an increase in pitch stiffness due to
the increase in the lift capacity of the main wing.

3 Simulation Results
3.1 Definition of Balanced Field Length

The evaluation of the Balanced Field Length (BFL) is
crucial for the aircraft performance in the take-off phase.
According to FAR, two “main distances” are fundamental
for the evaluation of the decision speed (balanced V) and
the BFL: the Take-Off Distance (TOD) and the Accelerate-
Stop Distance (ASD). In this work, the only dry runway
is considered.

According to FAR 25.113 the TOD on a dry runway is
the greater of:

(a) the horizontal distance (TOD,,._,) along the take-off
path from the start of take-off to the point at which the
airplane is 35 feet above the take-off surface. During
the take-off path, an engine failure occurs and is rec-
ognized at V; (delayed of one-second respect to engine
failure speed [36])

b) the 115% of the horizontal distance (TOD) along the
take-off path, with all engine operating, from the start
of take-off to the point at which the airplane is 35 feet
above the take-off surface.

The first condition is related to a take-off with one
engine inoperative (OEI); the second one is related to
a take-off with all engine operative (AEO). The above
requirement can be expressed as

TOD = max{TOD,,_,, TODy}. @)

The runway length decreases as the engine failure speed
increases; this is due to the fact that an increase of V;
allows to reduce the distance covered in the ground-roll
phase.

According to FAR 25.109 the ASD on a dry runway is
the greatest of:

The sum of the distances (ASD,._,) necessary to
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(a) Accelerate the airplane from a standing start with all
engines operating to Vgg;

(b) Allow the airplane to accelerate from Vg until V; with
one engine operating;

(c) Come to a full stop plus a distance equivalent to 2 s at
V.

The sum of the distances (ASDj) necessary to

(a) Accelerate the airplane from a standing start with all
engines operating to V;

(b) Come to a full stop plus a distance equivalent to 2 s at
Vl.

The above regulation can be expressed as
ASD = max{ASD,_,,ASDy}. 8)

The TOD and the ASD depend on the engine failure
speed; in particular, if the engine failure speed increases,
the TOD decreases and the ASD increases. At the decision
speed V,, the TOD is equal to the ASD, and the correspond-
ing runway length is defined Balance Field Length (BFL).

3.2 Design Parameters: Flaps Deflection, Flap Gain
and Take-Off Weight

The main parameters for the take-off analysis of the Prandtl-
Plane are flap deflection, take-off weight, and the Flap Gain
Y, which is defined as the ratio between the rear wing flap
deflection (8g,ppos) and front wing flap deflection (S ano)-
Therefore, chosen the front flap deflection among the values
[10° 20° 30°], the rear flap deflection is given by

éﬂap - post = Tf X 5ﬂap - ant* (9)

The rotation speed Vi follows FAR 25.107, according to
which Vj has to be higher than V; and has to guarantee the
reaching of V,. For the CeRAS CSR-01 take-off analysis,
all the above parameters are set equal, except for the flap
gain, which cannot be defined for a conventional monoplane
configuration.

3.3 Balanced Field Length: Main Results

In this section, the results of the take-off simulations, in
terms of BFL and V|, are presented. First of all, the per-
formance of the PrP configuration is discussed; the first
parameter analysed is the Flap Gain. In Fig. 13 the curves
of the completed take-off manoeuvre (solid lines) and of
the aborted take-off manoeuvre (dashed lines) in case of
an engine failure at the corresponding speed Vi are
reported. From these results, also reported in the follow-
ing Table 1 for front wing dg,, ., =20° and &g, 4, =30°, it
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Fig. 13 BFL and V, for the PrP varying ¥y at 4,,=20°

Table 1 BFL and balanced V/ for the PrP varying ¥;

%Wro Otap_ant () Y, V) (m/s) BFL (m)
100 20 -0.5 67 2420
100 20 0 68 2530
100 20 0.5 71 2810
100 30 -0.5 64 2180
100 30 0 65 2290
100 30 0.5 68 2640

clearly follows that increasing the rotation of the rear flap is
penalizing in terms of balanced take-off distance while using
the rear plain flap in counter-rotation gives a small gain with
respect to the case of the clean rear wing.

The reason of these trends relies on the specific archi-
tecture and balance of the PrP configuration: giving a posi-
tive flap rotation to the rear plain flap increases the pitch
down moment that is in contrast to the elevator action
necessary for the aircraft rotation (Fig. 14, top-left). The
graphs depicted in Fig. 14 show some relevant take-off
parameters of a generic PrP take-off manoeuvre with-
out engine failures. Moreover, a positive rear flap rota-
tion increases the total drag force during the ground roll
acceleration (Fig. 14, top-right). However, in the following
discussion of the results, the reference value of ¥ is set
equal to zero; negative ¥y, in fact, may lead to high values
of attitude angles 6 (Fig. 14, bottom) that may be incom-
patible with the tail-clearance requirements for the aircraft
during the rotation phase.

The second main parameter that influences the take-off
performance is the &g,,; this parameter, consequently to the
definition of the W; parameter, has to be intended referred to
the front wing flap. In the graphs of Fig. 15 are represented

the balanced take-off lengths for the PrP configuration,
varying the &g, parameter; the same results are reported in
Table 2 for two different values of ¥;. It can be noted that,
for both the ¥, considered, the runway length requested for
the take-off decreases when the &g, increases.

An evaluation of the sensibility on the requested take-off
length with respect to the take-off weight has been done;
the results are reported in Fig. 16 and in Table 3. The take-
off weights considered are a fraction of the MTOW of the
PrP configuration; as expected, the requested balanced field
length is shorter for a lighter aircraft.

Following these considerations, the reference setting for
the PrP configuration in take-off condition is: &g,,=30°,
¥;=0, Wio=MTOW; this reference configuration is
selected to perform a comparison with the take-off perfor-
mance of the reference monoplane.

For the CeRAS CSR-01 configuration, the evaluation of
the performance in take-off condition has been done con-
sidering variations of 6g,, and Wrq. As reported in Fig. 17
and Table 4, increasing the 5ﬂap value from 20° to 30° does
not produce any gain in performance. This may be related
to the higher increase in drag coefficient with respect to the
increase in lift coefficient for this specific configuration with
Oap=30°.

As described for the PrP configuration, also for the
CeRAS CSR-01 reducing the take-off weight implies a
reduction in balanced field length. These results are reported
in Fig. 18 and Table 5.

The reference setting for the CeRAS CSR-01 configu-
ration in take-off condition is: 8q,,=20°, Wro=MTOW.
Considering the reference PrP setting for the take-off, it is
possible to notice that, for the PrP, the BFL is 28.4% shorter
than the BFL requested by the CeRAS CSR-01. This is
mainly related to the higher aerodynamic efficiency of the
Best Wing System and to the higher aerodynamic gain in
ground effect of the PrP configuration.

3.4 Thrust Reduction

The above results on the BFL show a shorter runway for
the PrP configuration respect to the CeRAS CSR-01; to
obtain a comparable runaway length, an engine with a lower
thrust-to-weight ratio than the reference value of 0.3 can be
installed on the PrP configuration. The thrust model adopted
for the take-off simulation and assumed for the previous
analyses follows the Eq. 10, as proposed in [37]:

5+ BPR
m(TMAX : engines)' (10

T=0.75

According to this formula, the take-off thrust can be rea-
sonably assumed constant, and its value is about 80% of the
total installed thrust for the considered values of turbofan
Bypass Ratio (BPR). In the following analysis, a take-off
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Fig. 14 Pitching moment (top-left), ground roll drag (top-right), attitude (bottom) for a generic take-off manoeuvre for the PrP varying ¥
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Fig. 15 BFL and V| for the PrP varying dg,,, for ¥y=0
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Table 2 BFL and balanced V, for the PrP varying dg,,

%Wro Sfiap_ant (O) Y, V, (m/s) BFL (m)
100 10 0 74 2870
100 20 0 68 2530
100 30 0 64 2290
100 10 0.5 75 3050
100 20 0.5 71 2810
100 30 0.5 68 2640

thrust equal to the maximum installed thrust has been con-
sidered for the CeRAS CSR-01. The results plotted in
Fig. 19 and detailed in Table 6 show a similar performance
between the two aircraft; moreover, at maximum flap deflec-
tion the BFL, for the PrP, is slightly shorter. Thanks to this
preliminary analysis it is possible to consider, for the PrP,
an engine thrust reduction of about 20%, ensuring the same
performance of the CeRAS CSR-01, in terms of BFL.
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Fig. 16 BFL and V, for the PrP varying Wr, for dg,,=20°

Table 3 BFL and balanced V/ for the PrP varying Wrq

Vlailum

%Wro Oftap_ant (V) Y, Vi (m/s) BFL (m)
60 20 0 53 1680
80 20 0 61 2130
100 20 0 68 2530
60 30 0 51 1520
80 30 0 58 1920
100 30 0 64 2290

5500 -

Fig. 17 BFL and V, for the CeRAS CSR-01 varying &g,,

3.5 Standard Take-Off: Numerical Results

v [mvs]

failure

In this section, the results of take-off simulations in stand-

ard conditions, without engine failures, are presented. The

conditions set for PrP and CeRAS CSR-01 simulations are:

Table 4 BFL and balanced V, for the CeRAS CSR-01 varying dg,,

%WTO 5ﬂap7am ©) V, (m/s) BFL (m)
100 10 82 3410
100 20 77 3200
100 30 75 3210
6000
— =20 % Wro=60
5000 | 720 % Wro=100,
4000
£
o 3000
o
g
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1000
0

45 50 55 60 65 70 75 80

V[ailune (mis)

Fig. 18 BFL and V, for the CeRAS CSR-01 varying Wy

Table 5 BFL and balanced V| for the CeRAS CSR-01 varying Wy

%Wro Ofrap_ant @) V, (m/s) BFL (m)
60 20 60 2005

80 20 69 2610
100 20 77 3200

60 30 58 2010

80 30 67 2610
100 30 75 3210

1. Full thrust for the two engines for the entire manoeuvre;
2. Dry runway;

3. No wind during the take-off;

4. Airport at sea level;

5. Standard air condition.

In this section, the influence of the main parameters (5,
and ¥,) is presented for the PrP configuration; no flap gain
was considered for the CeRAS CSR-01. To evaluate the
aircraft performance, three main quantities are considered:
pitch angle at the end of the take-off, average vertical load
factor (n,) during the lift-off phase, for the passenger com-
fort, and the runway length; all the data are evaluated at
MTOW.

@ Springer
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Fig. 19 BFL and V, for the CeRAS CSR-01 varying flap deflection at
TIW=0.3

Table6 BFL and V, for the CeRAS CSR-01 varying flap deflection
at T/W=0.3

For the PrP, reducing the flap gain causes an increase
in the vertical load factor. It is reasonable to assume that
this trend is due to the PrP architecture; a flap deflection of
the rear wing increases the pitching moment, and a lower
angle of attack is developed, so lower lifting force and,
consequently, lower n,. The results for the CeRAS CSR-
01 take-off show no influence of flap deflection on n, and
a slight influence on final pitch angle. The comparison, in
percentual terms, is detailed in Table 7; in this case, the
PrP flap gain is set equal to zero.

The results comparison, considering the reference flaps
settings for the two configurations, shows a shorter runway
length, a lower vertical load factor (resulting in an increase
of the passenger comfort), and higher pitch angle for the
PrP; the results in terms of BFL, TOD, n, and 0, varying
O; and ¥y, are reported in Figs. 20, 21, 22.

Considering a flap deflection of 20° (and a zero ¥, for the
PrP), a trajectory comparison is depicted in Fig. 23.

4 Conclusions

In this paper, the preliminary take-off performance analy-
sis of a PrandtlPlane aircraft have been presented, together
with a comparison between the take-off characteristics
of a PrandtIPlane and a reference monoplane. The con-
figurations selected for the comparison are the baseline
PrandtlPlane aircraft developed in the framework of the
PARSIFAL Project, and the reference monoplane CeRAS
CSR-01. The simulation of take-off dynamics has been
carried out by means of an in-house tool, which numeri-
cally integrates the equation of motion, taking the ground
effect into account. From the preliminary analysis of the
aerodynamic results considering the ground effect, it
emerges that the PrandtlPlane has a higher gain on Ci,

60%

50% |

%Wro Btapamt (©) V) (ms) BFL (m)
100 10 82 2724
100 20 76 2489
100 30 72 2379
Table7 lVert;;:al load factor and Spap ) An, (%) A Runway
runway length comparison at length (%)
¥;=0
10 -52 —-11.6
20 -43 -12.7
30 -2.6 -15.1
Fig.20 BFL and TOD of PrP 60%
and CeRAS CSR-01 varying
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Fig. 22 Attitude of PrP and CeRAS CSR-01 at the end of the take-off
varying g,

C\ > and aerodynamic efficiency, with respect to the com-
petitor monoplane. The reason behind this behaviour is
strictly related to its architecture: the front wing is very
close to the ground and is, therefore, more affected by the
ground effect. The analysis of the simulations of the take-
off shows also that the reference PrandtIPlane aircraft has
better take-off performance with respect to the conven-
tional competitor, in terms of take-off runway length and
passengers comfort. However, the results here presented
are preliminary and can be improved; in the future activi-
ties, a calibration of the low-fidelity ground effect aerody-
namic evaluation will be carried out, using RANS models.

CeRAS
10 - PrP | |
9
a =
e )Y
= J
=) 7
@
i o
6 - <
5 -
# 4/
3 i i
1400 1600 1800 2000 2200 2400

Runway length [m]

Fig.23 Centre of gravity trajectory comparison between PrP and
CeRAS CSR-01

Then, a surrogate model will be built, to strongly reduce
the computational time for each take-off simulation; in
this way, a wider set of design parameters can be analysed,
and optimization procedures for take-off manoeuvre can
be set up.
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